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Non-destructive tests and field measurements were used to establish the structural
details and behavior of a 100-year-old reinforced concrete flat slab bridge. There are
no structural drawings of the bridge, its reinforcing details, or records from the time of
its original construction. The purpose of this project was to identify the structural details
necessary to model the bridge for a determination of its ultimate load capacity. This
paper discusses the methods used to accomplish this purpose. Live load tests were
performed to investigate the overall behavior of the bridge. A finite element model of a
single span of the 11-span bridge was developed in ABAQUS. FE model calibration was
performed based on measured strains and deflections. Comparison of the finite element
analysis and live load test results are presented herein.

Keywords: flat slab concrete bridge, non-destructive testing, live load testing, finite element modeling, numerical
non-linear material models

INTRODUCTION

The highway infrastructure is exposed to an increasing number of vehicles and heavier loads.
Existing bridges often carry trucks that are significantly heavier than the original design loads.
There is not enough money to strengthen or replace deficient structures. To save limited resources,
there is a need for accurate evaluation of the bridges and determination of their actual resistance.
Knowledge of the resistance as well as the predicted maximum expected loads, can serve as basis
in important decision-making process about prioritization for repair or replacement. Therefore,
the State Departments of Transportations that are responsible for maintenance of roads and
bridges, can benefit from having efficient bridge evaluation procedures. The objective of the
present study sponsored by the Alabama Department of Transportation (ALDOT), is to develop
an approach for the evaluation of a reinforced concrete rigid frame bridge without any prior
technical documentation.

RESEARCH SIGNIFICANCE

US Bridge Inventory contains a large portion of flat slab bridges that were built in the first half
of 20th century. Flat slab bridges were not designed to carry current traffic that has increased in
volume and weight over the years. The bridge considered herein is an example of an old reinforced
concrete flat slab structure for which there are no existing technical drawings nor other details.
Currently the bridge carries unrestricted traffic, which is allowed by AASHTO’s Manual for Bridge
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Evaluation (AASHTO, 2011) for a reinforced concrete bridge
of unknown details that has carried unrestricted traffic without
developing signs of distress. Such behavior phenome is typical for
this type of bridges. Research on flat slab bridges conducted up to
date often involved overly conservative rating analyses based on
effective width strip that in recent years were derived from FEA
of slabs using shell elements.

There is no publication available that would comprehensively
describe all the steps necessary to conduct non-destructive tests
(NDTs) and to determine essential inputs for non-linear FE
Model of a flat slab bridge. This paper illustrates how current
NDT methods can be used to develop a state-of-art FE model
using solid elements that can be further utilized in more accurate
assessment of ultimate capacity of the flat slab bridge.

CONSIDERED STRUCTURE

The considered structure is an 11-span flat slab reinforced
concrete bridge with no existing technical drawings nor other
details. The bridge goes over Barnes Slough and Jenkins Creek
on the northbound side of US Highway 82/231 at milepost
162.56 (Figure 1) in the State of Alabama, United States.
According to archival research conducted by the research team,
the bridge was constructed between 1914 and 1916, and ALDOT’s
records showed that it was widened by approximately 4 ft (1.20
m) in 1930. Visual inspection of the bridge indicates that it
was widened twice. It was not established when the second
widenings were added.

Currently ALDOT allows unrestricted traffic on the bridge
based on AASHTO Manual for Bridge Evaluation (AASHTO,
2011) provisions in cases where a reinforced concrete bridge
of unknown details has carried unrestricted traffic without
developing signs of distress. However, because the structural
details of the bridge are unknown, ALDOT cannot issue permits
to overweight and non-standard trucks because this requires
analytical justification.

In order to determine some of the structural parameters,
the bridge was inspected and measured using field testing

FIGURE 1 | Side view of the bridge.

instruments, involving a series of destructive and non-destructive
tests described in the following sections of this paper.

All 11 spans are equal, and the center-to-center span length is
21 ft – 10 inch (6.65 m), while the total width is 31 ft – 4 inch
(9.53 m). Pier wall thickness is 2 ft (0.61 m). Total cross-sectional
width for each span of the bridge consists of four segments: the
original one and three additions. The width of the oldest segment
(segment 3) is 18 ft (5.49 m). First, the bridge was widened by
3 ft – 8 inch (1.12 m) on the East side (segment 2) (Figure 2).
Then it was widened on both sides by 5 ft – 4 inch (1.63 m) on
the East side (segment 1) and by 4 ft – 4 inch (1.32 m) on the
West side (segment 4).

FIELD MEASUREMENTS

Bridge location required the field measurements to have minimal
to no impact on busy highway traffic. The measurements
performed involved measurements of span dimensions, slab
thickness, as well as detection and measurement of slab’s
reinforcing bars. The research team used traditional tape
measure, laser distance meter, a thickness measuring device,
which utilizes ultrasonic pulse velocity (UPV) technology, and
an advanced concrete cover meter (ACCM) that detects rebars
and measures their diameters and spacings. These two high-
tech instruments were operated from underneath the span
and allowed to inspect the bottom reinforcement without
interference with traffic. Top reinforcement was scanned with
ground penetrating radar (GPR) and required lane closure.
ALDOT’s qualified personnel was responsible for lane closure
and top surface tests that were co-instructed by the research
team. ALDOT’s certified equipment was used to obtain concrete

FIGURE 2 | Detailed drawings of the bridge, (A) elevation view A-A, (B)
cross-section B-B.
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FIGURE 3 | (A) Location of the reinforcement measurements – plan view, (B) location of the reinforcement measurements – NE elevation, (C) line measurement of
reinforcing bars – scan 06-11-15-Reb001 (1 ft = 0.305 m, 1 inch = 25.4 mm).
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core samples, expose bottom rebars for visual size verification,
and GPR testing.

Slab Thickness
The goal in using the UPV device was to measure the thickness
of concrete slab under regular traffic. Due to relatively low
clearance under all the spans, ranging from about 4 to 10 ft
(1.2 to 3.0 m), the measurements were taken without additional
equipment required for elevated works. Multiple locations under
first and second span were scanned with UPV device at original
and newer widened parts of the slab. Due to the nature of the
UPV technology, the measurements allowed to confirm that the
concrete at all examined locations was sound with minor pulse
velocity distortions near the top surface of the slab. This was an
indication of roughened concrete at the interface with hot mix
asphalt (HMA) Layer. Results of UPV thickness measurements
showed that slab was 19 inch (48.3 cm) thick. This value was
confirmed with measurements taken from bridge’s drainage holes
with tape measure and later used in FE modeling.

Reinforcement
The location and size of bridge’s existing reinforcement was
investigated using advanced detecting devices. Bottom surface
of the bridge was scanned with ACCM, an instrument
using electromagnetic pulse induction technology. The ACCM
precisely detected locations of the bottom rebars, measured
their diameters and cover thickness. A series of nine line-
scans (Figures 3A,B) showed the same rebar distribution for
all the scanned spans. A sample of the ACCM’s reading
is shown in Figure 3C, where four different reinforcement
distributions, corresponding to four slab segments, are clearly
notable. Concrete cover of individual rebars detected is shown
on vertical axis in Figure 3C. A summary of the bottom
reinforcement found, is presented in Table 1.

The cover of 1.25 inch (3.2 cm) was chosen as it conservatively
represents maximum clear cover read for few instances. Similar
approach has driven the choice of rebars’ size, where the
minimum observed diameter was selected as representative
for each segment. In order to confirm ACCM’s readings the
reinforcing bars were exposed in two segments. Accuracy of
detecting and measuring capabilities were confirmed to be good,
and interestingly, the exposed rebars turned out to be cupped.
Such bar was not expected to be noticed, as around the time
of bridge construction square plain bars were widely used
worldwide. Additional research on old rebar types confirmed that
the cupped bars were introduced to the construction industry

TABLE 1 | Details of the bottom reinforcing bars.

Segment Rebar size Cover inch Number of rebars
no. (mm) (mm) in segment

1 #8 (25) 1.25 (32.0) 10

2 #7 (22) 1.25 (32.0) 9

3 #8 (25) 1.25 (32.0) 53

4 #8 (25) 1.25 (32.0) 7

around 1914. It was concluded that lack of bond between
reinforcing bars and concrete was not an issue.

Top surface of the bridge is a 2 inch (5 cm) layer HMA, and it
was investigated using the GPR. The GPR provided information
on the top reinforcement distribution and detected transverse
cracks in the slab over the support locations. This was also
confirmed visually as presence of hair-cracks on side edges of the
slab was observed. Transverse spacing of top longitudinal rebars
turned out to be 12 inch (30 cm). One concrete core was drilled
thru a top reinforcing bar to verify its diameter that turned out to
be #4 (12 mm), as shown in Figure 4.

All the transverse line-scan readings obtained with ACCM
were thoroughly processed and analyzed, confirming that the
bottom longitudinal reinforcement is extended into the supports
in the three segments added to widen the bridge – Segment
numbers 1, 2, and 4. For the original segment no. 3 it was found
that two-thirds of the reinforcement was extended into supports
and one-third was either terminated or bent up. The GPR did
not detect any #8 (25 mm) or #7 (22 mm) bars at the top of
the slab. Hence, it was concluded that the missing one-third of
the bars were not bent up and were terminated 3.5 ft (1.06 m)
from each support. Also, the core drilled from the top of the
slab at the support location, showed only #4 (12 mm) rebars
without any evidence of bottom bars that were bent up. With
this evidence it was possible to check the development length
of the one-third of the bars in the original segment. All the
bottom bars were concluded to be developed based on simple
span moment analysis.

Based on these findings it was concluded that the bridge
was reinforced as if it is a series of simple spans, and in
subsequent load capacity calculations simple support conditions
were assumed with top reinforcement neglected entirely. The
AASHTO Manual (AASHTO, 2011) specifies yield strength for
reinforcing bars by considering the date of construction. For
unknown steel constructed prior to 1954, the yield strength Fy
is given as 33 ksi (227 MPa).

FIGURE 4 | Cylindrical concrete sample drilled (1 inch = 25.4 mm).
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Concrete
At least three different concrete mixes were used in the bridge.
Due to restrictions on the number of cores that could be drilled,
only three concrete samples were available. One core was drilled
in original segment no. 3 (Figure 2), in the oldest concrete,
at over the support location. Additional two cores were taken
from segment no. 1 with the newest concrete, at over support
and mid-span locations. Concrete cylinder compressive strength
values obtained in ALDOT’s material laboratory are presented
in Table 2. For superstructure components constructed prior
to 1959 AASHTO Manual (AASHTO, 2011) recommends a
minimum compressive strength value of 2500 psi (17.2 MPa),
which turned out to be under conservative for segment 1.

LOAD TESTS

Bridge load testing program should be planned ahead and
consider individual conditions related to the structure as well as
its site specifics (Amer et al., 1999; Chajes and Shenton, 2006;
Sanayei et al., 2012; Davids and Tomlinson, 2016). Flat slab
bridges usually are supported on maximum 15–20 ft (4.5–6.0 m)
tall piers and provide enough clearance to inspect the bottom of
the slab span. Investigated bridge carries traffic of a busy highway
and closure of the bridge to conduct live load tests was not
permitted. Instead, one lane was closed to commence the tests.
Low clearance under the bridge allowed to easily instrument the
bridge with sensors measuring strains and deflections.

Testing Plan
To investigate the behavior of a hybrid structure consisting of
four concrete segments (Figure 2), three kinds of load tests were
conducted. The first test was conducted for determining the static
response under multiple load patterns. This test was performed
with a truck placed on the bridge without any movement. Then,
selected load patterns were repeated with the trucks moving
at a crawling speed. Finally, the trucks moved over the bridge
with a speed of 61 mph (98 km/h), to check the dynamic
response of the bridge.

Two 85.1-kip (38.6-ton) test trucks configured according to
ALDOT’s LC-5 Load Case (Figure 5A) were used as the live load
and were placed on the bridge in configurations as listed below:

(1) LP-1-R: Static loading. One truck placed in the middle of
right traffic lane*

TABLE 2 | Compressive test results for concrete cores.

Sample 1 2 3 AASHTO
recommended

Compressive
strength, psi
(MPa)

3340 (23.0) 1937 (13.4) 1760 (12.1) 2500 (17.2)

Location Original
segment 3 –
over support

East segment
1 – over
support

East segment
1 – midspan

–

FIGURE 5 | (A) Load configuration and axle spacing for ALDOT’s Load Case
LC-5, (B) example load pattern LP-4-R.

(2) LP-1-L: Static loading. One truck placed in the middle of
left traffic lane*

(3) LP-2-R: Static loading. One truck placed 1 ft (0.3 m) from
right curb*

(4) LP-2-L: Static loading. One truck placed 1 ft (0.3 m) from
left curb*

(5) LP-3-R: Crawling speed. LP-1-R truck passing at crawling
speed, no stops**

(6) LP-3-L: Crawling speed. LP-1-L truck passing at crawling
speed, no stops**

(7) LP-4-R: Static loading. Two trucks placed side-by-side 1 ft
(0.3 m) from right curb* (Figure 5B)

(8) LP-4-L: Static loading. Two trucks placed side-by-side 1 ft
(0.3 m) from left curb*

(9) LP-5-R: Speed = 61 mph (98 km/h). LP-1-R truck passing
at speed of 61 mph (98 km/h), no stops**

* For all static load patterns, second axle of truck/trucks
located at midspan.

** Non-static load patterns are not presented in this paper
due to insignificant differences with results obtained
for static cases.

The trucks were placed in both lanes of the bridge to produce
heavy loading in the critical locations corresponding to design by
AASHTO (AASHTO, 2001).

Strains and deflections are the two most common
measurements taken during live load testing of the bridges.
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For the flat slab bridges strains and deflections are two most
effective measurements as per AASHTO Manual (AASHTO,
2011). BDI equipment was chosen for these tests because of its
good reputation and performance in similar research projects.

For measurements of the strains, strain transducers (ST) with
special extensions were mounted at the bottom of the slab and
covered with aluminum foil to reduce “drift” effect due to the
change of the temperature (BDI, 2016b). Due to small values
of expected strains, the aluminum extensions for STs were used
for more precise measurements. The deflections were measured
with Linear Variable Differential Transformers (LVDT) (BDI,
2016a). Total of 12 STs and four LVDTs were used and installed
under the bridge as shown in Figure 6. The measuring system
consisted of Base Station, Access Point, Data Acquisition Nodes
and Sensors. The sensors were connected with a cable to the Data
Acquisition Nodes, which sent data over WiFi to the Access Point
and Base Station. The data was recorded at frequency of 100 Hz
and required further post-processing.

Analysis of Field Data
Data recorded during the live load tests was further analyzed
and summarized. Numerous comparisons between load cases
were conducted. Transverse behavior of the bridge was verified
for symmetry and consistency in measured values of strains
and deflections. After the analysis of the results, data recorded
by three STs (S-T 5488, S-T 5490, and S-T 5496) appeared
to be incorrect and it was excluded from the database (see
crossed-out sensors in the Figure 6). Since 18-inch (45.7 cm)
long extensions were used with 3 inch (7.6 cm) long STs,
the recorded values of strains had to be divided by 6.

Manufacturer of the diagnostic system provided calibration
factors for each ST as well as specified an adjustment factor
of 1.1 (BDI, 2016b), which relates to aluminum extensions.
These two factors were applied as multipliers to all the recoded
values of strains.

For all the static load cases measured strain values from
spans 1 and 2 were compared. For span 1, the pattern of strains
measured in the oldest segment of the bridge is consistent with
expected linear increase (Table 3). Strains measured under span 2
(Table 3) were also reasonably symmetric. This was an indication
of symmetric behavior of the slab in transverse direction. The
largest measured strain value was 34.3 µε, recorded under span
2 for the load pattern LP-4-R being the most critical.

Summary of the deflections recorded during load tests is
shown in Table 4. Comparison of measured deflections for spans
1 and 2 at mid-width locations showed good agreement between
spans, as well as reasonable symmetry for span 1. The largest
deflection of 0.598 mm (0.024 inch) was recorded at the west side
of span 1. This deflection was recorded under load case LP-4-L
with two trucks placed side-by-side close to the curb on the west
side of the bridge.

FINITE ELEMENT MODEL

Bridge testing often follows a computer model development
for additional analysis of the structure. Depending on the
bridge type, ones’ consideration often is limited to beam-
shell models for girder bridge types or shell/grillage models
for flat slabs. Regardless of the modeling technique, flat slab

FIGURE 6 | Strain transducers (S-T XXXX) and LVDT’s (LVDT XXX) locations.
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TABLE 3 | Summary of strains for each static load pattern (µε) – span 1 and 2.

SPAN 1

S-T 5490 5486 5494 5495 5487 5488 5493

Distance along
the width (inch)

4 68 128 188 248 299 368

Distance along
the width′ (inch)

372 308 248 188 128 77 8

LP-1-R – 3.7 7.1 12.4 16.3 – 11.9

LP-1-L – 18.3 17.8 12.4 7.1 – 0.7

LP-2-R – 2.0 4.5 8.7 16.5 – 22.1

LP-2-L – 19.7 15.8 8.8 4.9 – 0.8

LP-4-R – 11.4 20.5 26.0 31.2 – 26.9

LP-4-L – 28.2 29.9 25.4 20.7 – 6.1

SPAN 2

S-T 5491 5489 N/A 5496 N/A 5497 5492

Distance along
the width (inch)

8 68 - 188 - 299 368

Distance along
the width′ (inch)

368 308 - 188 - 77 8

LP-1-R 2.2 3.8 – – – 19.4 13.1

LP-1-L 13.6 20.5 – – – 3.5 1.5

LP-2-R 1.1 1.9 – – – 22.1 26.2

LP-2-L 24.7 21.7 – – – 2.1 0.7

LP-4-R 7.6 12.8 – – – 32.5 34.3

LP-4-L 28.6 30.6 – – – 11.3 6.3

Bold values indicate maxima for each subcase.

TABLE 4 | Summary of deflections for each static load pattern (mm) (1
inch = 25.4 mm).

First span Second span

LVDT 109 110 772 LVDT 773

Distance along
the width (inch)

4 188 368 Distance along
the width (inch)

188

LP-1-R −0.046 −0.248 −0.273 LP-1-R −0.376

LP-1-L −0.286 −0.250 −0.033 LP-1-L −0.295

LP-2-R −0.011 −0.193 −0.442 LP-2-R −0.287

LP-2-L −0.458 −0.198 −0.018 LP-2-L −0.253

LP-4-R −0.162 −0.524 −0.592 LP-4-R −0.566

LP-4-L −0.598 −0.515 −0.167 LP-4-L −0.558

Bold values indicate maxima for each subcase.

bridges are proven to have capacities far exceeding theoretically
derived values that base on flexural strength of a unit-width
member (Saraf, 1998; Jáuregui et al., 2010; Davis et al., 2013).
For the purpose of the research project, it was decided to
develop a state-of-art FE model of the examined bridge to
accurately trace stress distribution and to use it later for ultimate
strength evaluation.

Based on the findings from field measurements, a FE model of
a single span of the bridge (Figure 7) was developed in Simulia
Abaqus FE Software. FE model was first used to predict behavior
and magnitudes of stresses, strains, and deflections expected

during the load tests. After the live load testing commenced the
FE model was calibrated to serve as basis for further analysis.

This section presents all the input variables and their
calibrated values that yielded results best matching the measured
values. A three-dimensional FE model was developed with usage
of solid and beam elements. The application of solid elements
allowed for a detailed investigation of local stress and strain
distributions as well as overall bridge behavior. The model
contains upper portions of the piers, slab segments, bottom
reinforcing bars, and curbs of dimensions as shown in Figure 2.
The curbs have cross-sectional dimensions of 8 × 10 inch
(20 cm × 25 cm). Four different width segments, fully bonded
with each other, create each of the simple span slabs.

Static wheel loads on the bridge were modeled as flat rigid load
transferring plates with a uniform load applied.

Element Types
Among various element types available in the finite element
method (FEM) only selected elements are presented. The
concrete elements – curbs, slab segments, and piers were modeled
with 8-noded linear brick elements with reduced integration
(C3D8R). Reduced integration element was chosen due to its
computational cost, which is less than for a full-integration
element. The element type used for reinforcing bars is a 2-
node linear beam element (B31). The advantage of the beam
over widely used link elements in FE modeling of reinforcement
is its ability to act in compression as well as in tension.
Both element types selected, C3D8R and B31, are suitable
for stress/displacement simulations. Brick elements have three
degrees of freedom active at each node – translations in the
nodal x, y, and z directions. For the beam elements all six
degrees of freedom (rotations and translations) at each node
are computed. For this particular bridge model, the application
of solid finite elements for concrete members allowed to
control the contact definitions between concrete segments and
resulted in more detailed investigation of localized stress and
strain distributions.

The reinforcing bars were modeled as embedded into slab.
From the numerical method point of view an embedded rebar
acts as fully bonded with concrete slab, which was concluded
from field measurements. Although, the rebars are present in
all concrete members they were modeled in the slab segments
only. Reinforcement in the piers was neglected due to their
large dimensions and lack of detection capabilities of the
sensing instrument.

One of the most important parameters that impacts accuracy
of results and analysis time is FE mesh size (Logan, 2017).
A mesh density study was performed by monitoring three key
parameters: mesh size, convergence of results, and non-linear
analysis time. This study showed that the most effective mesh
size, in terms of accuracy and computing time, is 4 × 4 × 3.8
inch (10 cm× 10 cm× 9.7 cm) for the brick elements and 4 inch
(10 cm) of length for the beam elements.

Numerical Material Models
In order to develop numerical material models all collected
data and available literature was reviewed. FEM material models
require specification of basic material parameters such as
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FIGURE 7 | Isometric view of the FE Model of the Bridge. ALDOT Test Trucks footprint pattern presented.

modulus of elasticity, Poisson’s ration as well as stresses with
corresponding strains in inelastic stress ranges for more advanced
analyses. Two non-linear material models, concrete damage
plasticity (CDP) for concrete and elasto-plastic for steel, were
implemented into the FE model. At the time of selection of
numerical material materials benefits coming from non-linear
analysis were justified by need for accurate stress investigation
for loads causing concrete cracking and compressive stresses
reaching their ultimate values.

Concrete Material Model
Among smeared crack and brittle crack concrete models available
in Abaqus software, the CDP model was selected due to its
potential to represent complete inelastic behavior of the concrete
bridge elements in tension and compression and their damage
characteristics. All concrete material models have their pros and
cons, but for this application CDP was justified because of lack of
numerical convergence issues during the analysis, overall good
agreement with the test results (Chaudhari and Chakrabarti,
2012), and macro-scale of the structure for which investigation
of crack development was not required. Furthermore, the CDP
can be used both in Abaqus/Standard and Abaqus/Explicit, which
at the time of numerical material model considerations was a
valuable advantage allowing for bridge collapse simulation.

The CDP model available in Abaqus requires input of
parameters associated with simplified Drucker-Prager concrete
strength hypothesis. The dilation angle ψ, flow potential
eccentricity ε, fb0/fc0 ratio (point in which the concrete undergoes
failure under biaxial compression), Kc parameter (ratio of the
distances between compression and tension meridians in the
deviatoric cross-section) as well as Viscosity parameter describe
behavior of concrete in biaxial stress state. Description and

recommended values for these parameters are available in
Abaqus Manual (ABAQUS, 2014) and research papers (Kamiński
and Kmiecik, 2011). Plasticity parameters used were set at
recommended by Abaqus Manual values: ψ = 36◦, ε = 0.1,
fb0/fc0 = 1.16, Kc = 0.667, Viscosity parameter = 0.

In addition to concrete plasticity parameters, the CDP
material model definition requires stress-strain data within
inelastic region for compressive and tensile behavior. These
can be determined from strain-stress curve for a concrete
sample. Due to lack of stress-strain data for the concrete
samples taken, the relationship curves had to be developed with
approximate equations.

ACI 318-14 (American Concrete Institute, 2014) provides the
formula, where modulus of elasticity, Ec is a function of concrete
compressive strength, f

′

c.

Ec = 57000
√

f ′c

Where:
Ec = Initial Modulus of Elasticity (output in psi),
f ’c = Compressive Strength of concrete (input in psi).
During the calibration process it was found that Eurocode

formula (European Committee for Standarization, 2004) for the
modulus of elasticity adopted to the FE model produces values
of strains and deflections better matching the measured values.
Hence, the Eurocode formula presented below was used in the
material model.

Ec = 22000(f
′

c )
1/3

Where Ec and f′c in MPa.
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TABLE 5 | Parameters of concrete for each of the slab’s segments.

Segment 4 (West) 3 2 1 (East)

f’c, psi (MPa) 1850 (12.8) 3340 (23.0) 1760 (12.1) 1940 (13.4)

E, ksi (GPa) 3432.5 (23.7) 4098.1 (28.2) 3381.5 (23.3) 3481.7 (24.0)

The compressive stress-strain relationship curves were derived
using Desayi and Kirshnan (1964) equation.

σc =
Ecεc

1+
(

εc
ε0

)2

Where:
σc = Compressive Stress,
εc = Compressive Strain,
ε0 = Strain at maximum Stress,
Ec = Initial tangent modulus, assumed to be twice the secant

modulus at maximum stress f′c.
It was assumed that numerical concrete material models

perform linearly up the stress of 0.4f ’c. The three presumptions
on initial tangent modulus of elasticity: being a function of f ’c,
being equal to twice the secant at f ’c, and it’s linearity within 0.4
f ’c allowed to derive the compressive stress-strain relationships
for concrete segments based only on one input variable f ’c. Due

to lack of stress-strain data from compressive tests of the samples
the presented approach was considered appropriate.

The tensile stress-strain relationship was developed using the
Wang and Hsu formula (Wang and Hsu, 2001), which among
many other formulas is considered to most accurately describe
concrete tension stiffening (Kamiński and Kmiecik, 2011).

σt =

{
Ecεt if εt ≤ εcr

f
′

c

(
εcr
εt

)0.4
if εt > εcr

Where:
σt = Tensile Stress,
εt = Tensile Strain,
εcr = Cracking Strain,
In order to establish cracking strain, the modulus of rupture

needs to be known. The AASHTOs’ formula (AASHTO, 2001)
was used to establish the tensile strength of the concrete.

fr =

 7.5
√

f ′c (US units)

0.623
√

f ′c (SI units)

Four different compressive strengths of concrete were taken
for each of the four slab segments to develop stress-strain
relationships for compressive and tensile behavior. Compressive
strengths used as well as the values of corresponding moduli of

FIGURE 8 | FEM input Stress-strain curves for segments 1–4 (100 psi = 0.69 MPa).
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FIGURE 9 | Comparison plot of strains and deflections for (A) LP-4-R, (B) LP-4-L (1 inch = 25.4 mm, 1 mm = 0.02 inch).

elasticity are shown in Table 5. Developed curves for each of the
slab’s segment are shown in Figure 8.

Steel Material Model
Provisions from AASHTO Manual (AASHTO, 2011) allowed to
develop the material model for reinforcing steel bars. The Manual
recommends the yield strength of steel of 33 ksi (227 MPa) for

unknown reinforcing steels built prior to 1954. The ultimate
tensile strength of steel was assumed to be 58 ksi (400 MPa)
with slope of 2.5% of initial modulus of elasticity within inelastic
region. This strain hardening of steel was input purely for
numerical analysis stability purposes. The reinforcing bars reach
yielding at strain value of 1.14E-3 based on assumed modulus of
elasticity of 29000 ksi (200 GPa).
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FIGURE 10 | Cross-sectional view of principal stresses due to LP-4-L load configuration (1 inch = 25.4 mm, 1 mm = 0.02 inch).

Boundary Conditions and Loads
The first supporting pier, at the abutment location, has
restrained displacements in Y and Z directions. Unrestrained
displacement in X direction allows it to move in longitudinal
direction, parallel to direction of traffic. Second pier has all the
displacements restrained. The rotations for both piers are allowed
in all the directions.

Slab end edges were unrestrained to imitate its discontinuity
due to the transverse cracks detected over the supports during
the field measurements (Figure 7). Contact conditions specified
in the model are as follows: full bond of reinforcing bars with
concrete in all segments, full connection between side surfaces of
the adjacent segments, pressure transfer interaction between tire
footprint elements and concrete segments.

Load applied to the model during calibration process was the
actual truck used during the live load tests. ALDOT’s LC-5 Test
Truck axle spacing, footprint area, and axial loads are presented
in Figure 5A.

RESULTS

Initially developed FE model, before the load testing commenced,
correctly predicted lack of concrete rupture and very small values
of deflections. It was confirmed that stresses in concrete segments
and reinforcing bars would remain in elastic range.

Field measured strains and deflections, for the most severe
static load cases, were plotted with FEA obtained values from
a calibrated model (Figures 9A,B). FEA were performed for
two additional models assuming all the slab’s segments have the
same compressive strength of concrete, which results in the same
concrete material model throughout the slab. Plots show FEA
results for the calibrated model and two models with strength of
concrete of 1760 psi (12.1 MPa) and 3340 psi (23.0 MPa). Values
on the horizontal axis correspond to the total width of the bridge
and limits of adjacent segments (Figure 2B) are indicated with
vertical dash-dotted lines.

Due to the shape of the piers and span-to-thickness ratio, it
was expected to see compressive stresses in the slab distribute
in a shape of an arch. Figure 10, confirms this argument
and shows a map of compressive stresses with tensile stress
regions grayed-out.

CONCLUSION

This project illustrates how field measurements from GPR,
UPV testing device, ACCM, core tests and live load tests
were performed and used to define the structural details of
a flat slab bridge. These details allowed to develop state-of-
art non-linear FE model to determine the load capacity of
the structure. Based on the field measurements it was found
that cupped reinforcing bars were used in the oldest, original
segment 3, back in 1915. For this segment it was established
that one-third of the reinforcement was terminated at 3.5 ft
(1.06 m) from each support. Values of deflections and strains
recorded during the load tests were very small, as expected.
Even for the most critical load pattern with two test trucks
together in one span, the bridge did not crack. This confirms
the overall good condition of the structure and its reserve
flexural capacity. Measured values of strains and deflections
show reasonable symmetry in bridge’s behavior, especially for
the oldest part of the slab. The FE Model developed showed
overall good correlation with the measured values of strain and
deflection. FE Model confirmed that the strength of the structure,
resulting in small values of strains and deflection under live load,
comes from arching action which is strictly associated with the
geometry of the bridge. Non-linear material model definitions
allow the model to be used in numerical simulations of load
carrying capacity.
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